
Contents lists available at ScienceDirect

Colloids and Surfaces A

journal homepage: www.elsevier.com/locate/colsurfa

pH-dependent structure, pattern and hysteresis behaviour of lipid (DMPA)-
protein (BSA) monolayer complex

Bijay K. Sah, Kaushik Das, Sarathi Kundu⁎

Soft Nano Laboratory, Physical Sciences Division, Institute of Advanced Study in Science and Technology, Vigyan Path, Paschim Boragaon, Garchuk, Guwahati, Assam
781035, India

G R A P H I C A L A B S T R A C T

A R T I C L E I N F O

Keywords:
Lipid-protein complex
Monolayer pattern
Hysteresis
Out-of-plane structures
Structural modification

A B S T R A C T

Understanding lipid-protein interactions in model membranes is a challenging task. Limited information exist to-
date regarding the relative influence of hydrophobic and electrostatic forces on the organization of proteins
inside model membranes, while these forces determine the structure of lipid-protein complexes. We measured
the surface pressure (π) - molecular area (A) isotherm cycles of protein (BSA) – lipid (DMPA) mixed monolayers
below and above the isoelectric point of BSA (≈ 4.8). At pH ≈ 4.0, below the isoelectric point, BSA is positively
charged, and exposes few hydrophobic groups at its surface, compression-decompression isotherms show a
nearly reversible hysteresis. At pH ≈ 7.0, above the isoelectric point, BSA is negatively charged and more
hydrophobic. At this pH, compression-decompression isotherms show an irreversible hysteresis. This behaviour
indicates that the deformation of BSA molecules under pressure is reversible below the isoelectric point, while it
becomes irreversible above it. X-ray reflectivity studies for protein-lipid mixed monolayers show that BSA
molecules move from the zone close to water and near the lipid polar heads toward the zone occupied by their
hydrocarbon tails s when surface pressure increases. Mostly the surface pressure in combinations with hydro-
phobic and electrostatic interactions is responsible for such structural modifications.

1. Introduction

Biological membranes play a significant role in almost every aspect

of life. Many processes like molecular transport, molecular recognition
and signal transduction occurs at the surface of cellular membranes. As
a consequence, cell membranes as well as model membranes attracted
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considerable attention in the past decades [1–4]. Interesting models are
lipid bilayers containing proteins [5]. Protein-lipid complexes can play
a crucial role in many biotechnological and medical applications such
as biomimetic reconstitution of the cell-membranes [6–8] and bio-
sensors [9]. Protein-lipid complexes are also suitable for studying the
interactions among surface-active components in pulmonary surfac-
tants [10].

Interaction of proteins with lipid bilayer can occur in different ways.
They can locate in the lipid headgroup zone, partially penetrate into the
hydrophobic tail zone or fully span the bilayer membrane. In most
cases, membrane-embedded proteins interact with both lipid head
groups and tails. A suitable matching between the hydrophobic parts of
the proteins and the surrounding lipid molecules is believed to play a
significant role in controlling the physicochemical properties of these
membranes and the biological activity of the embedded proteins
[11–17]. In particular, the variation of pH can alter the hydrophobic
nature of a protein embedded in a lipid bilayer (i.e. the number of
exposed hydrophobic groups at this surface), which can induce local
segregation in the bilayer [13]. It has been found that the hydro-
phobicity of the bovine serum albumin protein (BSA) depends on the
pH of the solvent. BSA becomes less hydrophobic in acidic environ-
ments (pH ≈ 3.0 or 4.0) as compared to neutral (pH ≈ 7.0) or basic
environments (pH ≈ 9.0) [18]. When the pH is varied, structural
modifications can occur in the bilayer. These structural changes can be
detected via measurements of the mechanical, conformational and
thermodynamic properties of the lipid bilayer [12,16,17,19].

It should be noted that domains’ formation in monolayers can result
from two different processes. In the first case, kinetic processes lead to
out-of-equilibrium domains, generally when the monolayer is com-
pressed quickly [20,21]. The interfacial activation energy can also in-
fluence the shape of the domains and their existence [22]. In the second
case, equilibrium domains form as result of the interplay between their
line tension and long-range dipole-dipole interactions [23,24]. In par-
ticular, the shape of the lipids can result from anisotropy in the line
tension [25,26].

Two-dimensional domain-structures formed in Langmuir mono-
layers are of interest in the fields of optics and microelectronics for their
potential applications [27]. Lipid domains are also observed in biomi-
metic systems, for example, in monolayers of red-blood cells lipids [28]
and of bovine pulmonary surfactant membranes [29]. Domain struc-
tures formed in lipid bilayers are used to study different phases, phase
transitions and properties of model membrane [30,31]. These domains
also play an important role in biological processes. Formation of acti-
vator-rich domains is useful for the enhancement of enzymatic activity
[32,33], and protein sorting, protein aggregation, signalling, and
membrane fusion can also depend on domain formation [34,35].

In this article, the phospholipid DMPA (1, 2-dimyristoyl-sn-glycero-
3-phosphate) and the globular protein BSA are used to prepare mono-
layers at the air-water and air-solid interfaces. We have determined the
phase behavior in absence and presence of BSA at the air-water inter-
face and at two different subphase pH values, below and above the
isoelectric point of BSA. Different phases such as liquid-expanded (LE),
liquid-condensed (LC) and solid (S) phases were identified along with
domain formation. The corresponding structures and morphologies
were also studied at the air-solid interface. The compression and de-
compression isotherms of DMPA-BSA complex layer were determined.
Compression-decompression isotherm cycles demonstrated hysteresis.
The changes in the pattern formation were investigated using
Brewster’s angle microscopy (BAM) during compression and after de-
compression. The out-of-plane structural modifications under pressure
were determined with X-ray reflectivity (XRR). Monolayer structure,
domain morphology and hysteresis behavior are discussed.

2. Experimental details

BSA (≥96%, catalog No. A2153) was purchased from Sigma-

Aldrich. The isoelectric point of the BSA protein is ≈ 4.8 [36,37].
Phospholipid DMPA (< 99%, catalog No. 830845 P) was purchased
from Avanti polar lipids. A solution containing 1mg/ml BSA was pre-
pared in Milli-Q water (resistivity ≈ 18.2MΩ.cm) and a solution con-
taining 0.5mg/ml DMPA was prepared in chloroform (≥96%, 288306
Sigma-Aldrich). To form the mixed monolayer, a chosen amount (75 μl)
of DMPA solution was carefully spread with the help of a syringe on the
water surface in a Langmuir trough (Apex Instruments). After an
equilibration time of 10min, an equal volume of BSA was spread in a
similar manner. The solvent used for dissolving the lipid component is
chloroform and as chloroform is a non-aromatic compound so the
proposed time is nearly sufficient to evaporate chloroform completely
[38], however, relatively higher evaporation time is required for the
aromatic solvents [39]. The surface tension changes during the
spreading process were recorded using a Wilhelmy plate connected to
an electro balance. DMPA monolayers were compressed and expanded
at a low constant speed of ≈ 0.005 nm2/molecule/min in order to
avoid non-equilibrium effects observed during fast compression. How-
ever, since for BSA and DMPA-BSA, there were no apparent significant
differences in the isotherms between 0.005 nm2/molecule/min and
higher compression speeds, the monolayers of BSA and DMPA-BSA
were compressed and expanded at a constant speed of ≈ 1.54 and
0.06 nm2/molecule/min respectively. The BAM, X-ray and other ex-
periments were done for DMPA-BSA at the higher compression rate. All
surface pressure (π) - molecular area (A) isotherm, BAM and X-ray
measurements were performed at an ambient temperature of 23 °C
(± 1 °C). The pH of the water subphase was adjusted at ≈ 4.0 using
HCl and ≈ 7.0 using NaOH. No buffer was used in order to minimize
contamination. An equilibration period of two to three hours under
magnetic stirring was used to stabilize the subphase pH.

Domain patterns at different surface pressures and subphase pH
were visualized by means of Brewster angle microscope (BAM) using a
Nanofilm_EP4 BAM. The instrument consists of a standard 50mW solid
state laser, emitting p-polarized light at a wavelength of 658 nm. The
reflected light from the surfaces is collected onto a computer controlled
high quality CCD camera, which is attached to a real time frame
grabber with 1392×1040 pixels through a 10x magnification objec-
tive. The spatial resolution of the device is≈ 2 microns. A black wedge-
shaped glass plate is placed at the bottom of the trough to reflect any
light transmitted through the subphase far from the camera and to
minimize the convection on the trough.

DMPA and DMPA-BSA monolayers were deposited onto solid sub-
strates by the Langmuir-Blodgett method (LB) using only single up-
stroke of Si (001) substrates. Prior to the deposition, Si (001) substrates
were made hydrophilic by immersion into a mixed solution of ammo-
nium hydroxide (NH4OH, Merck, 30%), hydrogen peroxide (H2O2,
Merck, 30%), and Milli-Q water (H2O: NH4OH: H2O2:: 2:1:1, by vo-
lume) during 5–10min at 100 °C. Subsequently, all the substrates were
kept inside the Milli-Q water until LB deposition. Before starting the
deposition, the mixed monolayers were allowed to equilibrate at the
air-water surface during about 10min. The deposition was carried at a
constant speed of 2mm/min. All depositions were performed at an
ambient temperature of 23 °C (± 1 °C).

Attenuated total reflection–Fourier transform infrared (ATR-FTIR)
spectroscopy was performed with the mixed monolayers on Si (001)
substrates. Data was taken using a spectrophotometer (NICOLET 6700,
Thermo- Fisher) within the wavelength range of 380–4000 cm−1 at
4 cm−1 resolution. Three different positions on the DMPA-BSA mono-
layer surface were chosen for ATR-FTIR measurements.

X-ray reflectivity (XRR) measurements of DMPA-BSA mixed mono-
layers on Si (001) substrates were carried out. The diffractometer (D8
Advanced, Bruker AXS) has a copper (Cu) source in a sealed tube fol-
lowed by a Göbel mirror for the selection and enhancement of the Cu Kα
radiation (=1.54 Å). A NaI scintillation point detector was used. Data
was taken in specular conditions, i.e., the incident angle (θ) was kept
equal to the reflected angle (θ), both beams both lying in the same
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scattering plane. Under such conditions, the vertical component of the
wave-vector transfer, i.e., qz is given by (4π /λ) sinθ. The analysis of
XRR data was performed using the Parratt’s formalism [40] for a stack
of homogeneous layers with sharp interfaces. Both surface and inter-
facial roughness has been included [41,42]. The electron-density var-
iation, i.e., the electron-density profile (EDP) is extracted from the fit
[41,44], which gives in-plane (x–y) average electron density (ρ) as a
function of depth (z) with high resolution [41–45]. Two XRR mea-
surements were performed for each sample: the XRR profiles were
nearly identical implying good reproducibility.

3. Results

Surface pressure - molecular area (π-A) isotherms allows the iden-
tification of phases and phase transitions in the monolayer at the air-
water interface. The overall shape of the isotherm, depends upon the
interaction among the monolayer forming molecules. Fig. 1a shows the
π-A isotherm of pure DMPA monolayer at pH ≈ 4.0 (red line) and 7.0
(blue line). The corresponding inset shows π-A isotherms of pure BSA
monolayer at the same pH values, i.e., below (pH ≈ 4.0) and above (pH
≈ 7.0) the isoelectric point (pI ≈ 4.8) of BSA in solution. Fig. 1a shows
that the surface tension starts to increase when the area per molecule
falls below 0.72 nm2 at pH ≈ 4.0, and 0.62 nm2 at pH ≈ 7.0. Fig. 1a
also shows that the liquid expanded (LE) phase is transformed into a
liquid condensed (LC) phase through a very narrow LE-LC phase co-
existence region. Additional compression (beyond A ≈ 0.55 nm2) leads
to a solid phase (S). Finally, the monolayer collapses at a pressure of ≈
51 mN/m. The compressibility value κ = -(1/A)(∂A/∂π) decreases from
≈ 0.02 to 0.003m/mN between LE and LC phases at the transition,
both for pH ≈ 4.0 and 7.0 and drops to ≈ 0.001m/mN in the S phase.

Fig. 1a also shows that the evolution from LE to LC is more abrupt for
pH ≈ 7.0 in comparison with pH ≈ 4.0. The π-A isotherm of pure BSA
(Fig. 1A inset) shows that at a given pressure, the area per molecule
decreases with the increase in subphase pH, i.e., π starts to rise from ≈
93 nm2 at pH ≈ 4.0 to ≈ 80 nm2 at pH ≈ 7.0. The A observed at pH ≈
4.0 and 7.0 is more compared to the area per molecule (≈ 62 nm2)
observed near to the isoelectric point of BSA [46]. Similar types of re-
sults were also obtained from HSA monolayer below, above and at
isoelectric point of HSA molecule as relatively less A is obtained at
isoelectric point compared to the lower and higher pH values [47].
Fig. 1b shows the compression-decompression cycles for pure DMPA at
pH ≈ 4.0 and pH ≈ 7.0 respectively, whereas its inset shows the
compression-decompression cycles for pure BSA at the same pH values.

Fig. 1c and d shows the π-A isotherms of DMPA-BSA mixed mono-
layers at pH ≈ 4.0 and pH ≈ 7.0 respectively. Here ‘area per molecule’
actually represents the average of the area occupied by the total
number of lipid and protein molecules spread on the air-water inter-
face. The molecular weight for the DMPA-BSA complex was calculated
using the formula

=
+

+

M m c v m c v
c v c v

1 1 1 2 2 2

1 1 2 2 (1)

where m1, m2, c1, c2, v1 and v2 are the molecular weight, concentration
and volume spread of DMPA and BSA respectively. Note that BSA is a
soluble molecule. Hence, despite all the precautions taken during BSA
spreading, some BSA molecules can end up in the subphase. Thus, the
values for the area per molecule for the BSA and BSA-DMPA films are
only upper bounds. For both pH values, 75 μl of DMPA and BSA solu-
tions were spread on the water surface, one followed by the other.
Mostly, the lateral lipid-protein interactions within the film can be

Fig. 1. Surface pressure - molecular area (π-A) isotherms.
(a) π-A isotherms of DMPA at two different subphase pH
values, i.e., at pH ≈ 4.0 (red line) and 7.0 (blue line).
Inset: π-A isotherms of BSA at the same pH values. (b)
Compression-decompression isotherm cycle of DMPA at
pH ≈ 4.0 and 7.0 Inset: compression-decompression iso-
therm cycle of BSA at the same pH values. (c) π-A iso-
therms of DMPA-BSA complex at pH ≈ 4.0 (d) π-A iso-
therms of DMPA-BSA complex at pH ≈ 7.0. (e)
Compression-decompression isotherm cycle of DMPA-BSA
complex at pH ≈ 4.0. (f) Compression-decompression
isotherm cycle of DMPA-BSA complex at pH ≈ 7.0. (For
interpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this ar-
ticle.)
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explored if both the molecules were spread at the air-water interface
from the air side nearly at zero surface pressure [48]. Below the iso-
electric point of BSA, i.e., at pH ≈ 4.0, the surface pressure starts to
increase below A ≈ 65 nm2 while above the isoelectric point, i.e., at pH
≈ 7.0, the pressure starts to rise below A ≈ 53 nm2. For both pH, a
plateau like feature is observed starting at nearly the same pressure ≈
15mN/m, but at a larger area per molecule (≈ 46 nm2) for pH ≈ 4.0
than for pH ≈ 7.0 (≈ 38 nm2).

The LE-LC plateau region is much wider than for the pure lipid
monolayers, suggesting that the protein favours LE-LC coexistence.
Upon further compression, the LC phase is transformed into a S phase
before the monolayer collapses (A ≈ 10 nm2). Fig. 1e and f shows the
compression-decompression π-A isotherms for DMPA-BSA mixed
monolayers at the air-water interface for pH≈ 4.0 and 7.0 respectively.
The isotherm cycle shows that for pH ≈ 4.0 the surface pressure during
decompression closely follows the compression isotherm and introduces
only a small amount of hysteresis. However, a more substantial hys-
teresis is observed for pH 7. Upon decompression, the pressure becomes
zero at A ≈ 36 nm2, while during the first compression, the pressure
started to increase below A ≈ 53 nm2. We characterized the hysteresis
H by the area comprised between the compression and decompression
curves; these area are ≈ 39.10× 10−21 N·m and 154.82× 10−21 N·m
for pH ≈ 4.0 and 7.0 respectively. Note that the hysteresis depends on
the barrier speed (Fig. S2 a and b): for a speed of 0.01 nm2/molecule/
min H≈ 40.5× 10−21 N·m and 100.47× 10−21 N·m for pH≈ 4.0 and
7.0 respectively.

Brewster angle microscopy is commonly used to study phase coex-
istence in monolayers made of lipids, proteins and their mixtures at the
air-water interface under different experimental conditions [49–52].
Fig. 2 shows the BAM images of DMPA monolayers during the com-
pression process for pH ≈ 4.0 and 7.0 and at low- and high-pressure
during the first compression cycle (10 and 40mN/m) and low-pressure
value (10mN/m) during the second compression cycle.

It is seen in the images that the DMPA domains are smaller at pH ≈
4 than at pH ≈ 7, whatever the pressure. At low pressure, i.e., above
the LE-LC coexistence region as found between 1–3.5mN/m, the DMPA
domains are homogeneously distributed over the surface, and nearly
circular in shape (Fig. 2a and d), while they are more numerous, bigger
and distorted at high pressure (Fig. 2b and e). In the S phase, i.e., before
collapse, very dense and brighter domains are observed. The domains
observed in the different phases are different from those found with
other lipids like DPPC, where circular, nut-like, branched and elongated

structures were observed [53–55].
After compression up to 40mN/m, the film was allowed to expand

slowly until it achieves its initial zero pressure condition and then it
was compressed a second time up to 10mN/m. During the second
compression, the domains are similar to those formed during first
compression (Fig. 2c). However, at pH ≈ 7.0, the domains are bigger
and deformed with respect to those seen during the first compression
(Fig. 2f).

Fig. 3 shows BAM images of BSA monolayers at the air-water in-
terface for pH ≈ 4.0 (Fig. 3a–c) and for pH ≈ 7.0 (Fig. 3d–f). Fig. 3a, d
shows representative images at a surface pressure of ≈ 5mN/m,
Fig. 3b, e at a surface pressure of ≈ 19mN/m. Fig. 3c, f shows the
behavior at a surface pressure of ≈ 5mN/m during the second com-
pression cycle. The images show that BSA forms homogeneous films,
which are devoid of domains, irrespective of the pH value or the surface
pressure. However, the images are brighter at higher surface pressure
indicating an increase in density (and possibly thickness) of the layer.
Thus, DMPA monolayers contain domain-like structures, while BSA
monolayers are homogeneous under equilibrium conditions.

Fig. 4 shows the BAM images of DMPA-BSA mixed monolayers for
pH ≈ 4.0 (first row) and ≈ 7.0 (second row), at three different surface
pressures π ≈ 10mN/m, π ≈ 40mN/m and again π ≈ 10mN/m
during the second compression. The images obtained at pH ≈ 4.0 show
the formation of broad network-like structures with narrow channels
spanning between them. Globular-like white spots of variable size ap-
pear in the majority of the images and located close to the domain
centres, probably resulting from protein aggregation (Fig. 4a). At higher
pressure, the domains come closer to each other, while the aggregates
remain intact nearly at the center of the domains. During the second
compression cycle, the layers resemble to those obtained at the same
pressure during first compression cycle. The aggregates maintain their
arrangement (Fig. 4c). At pH ≈ 7.0, during the first compression cycle,
less aggregates form, while the domains are slightly larger and denser
(Fig. 4d-e-f).

Increasing the surface pressure in the films may induce internal
structural changes in the BSA protein’s conformation. This possibility
was investigated using ATR-FTIR. Fig. 5 shows the amide-bond ATR-
FTIR spectra of BSA in the BSA-DMPA mixed monolayer for (a) pH ≈
4.0 and (b) pH ≈ 7.0. The amide-I band (1700–1600 cm−1) is con-
sidered to be the most sensitive spectral region for obtaining secondary
structure information of proteins [56]. Within the amide-I band of the
BSA-DMPA film, 14 peaks are detected. Peaks found at 1623, 1627,

Fig. 2. Representative BAM images of a DMPA
film during the compression process. (a–c):
Images at subphase pH ≈ 4.0. (d–e): Images at
subphase pH ≈ 7.0. The first column (a, d)
shows the behavior of the DMPA monolayer at
low pressure (10mN/m). The second column
(b, e) shows the behavior of the DMPA mono-
layer at high pressure (40mN/m). The third
column (c, f) shows the behavior of the DMPA
monolayer at low pressure (10mN/m) during
the second compression cycle.
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1636 and 1697 cm−1 are related with beta sheet and the peaks found at
1669, 1674, 1684 and 1687 cm−1 are related to beta turn. Other peaks
observed at 1603, 1607, 1615, 1646, 1654 and 1662 cm−1 correspond
to side chain vibration, intermolecular beta strand, intramolecular beta
strand, random coil, alpha helix and 310 helix respectively [56]. To
study the area under the peak, three peaks are analysed namely beta
sheet (1636), random coil (1646) and alpha helix (1654). The ratio of
the three peaks to 1654 cm−1 is also calculated for both the pH. Area
under the peaks and peak ratio values are tabulated in Table 1. For pH
≈ 4.0, at π=10mN/m during the first compression the area under the
peaks are 0.17 ± 0.015, 0.22 ± 0.020 and 0.24 ± 0.015 a.u.,
whereas for higher pressure (π ≈ 40mN/m) the calculated area is
0.23 ± 0.010, 0.25 ± 0.005 and 0.26 ± 0.005 a.u. respectively. Si-
milarly, at low surface pressure (π ≈ 10mN/m) during the second
compression cycle, the areas under the peaks are 0.16 ± 0.005,
0.21 ± 0.010 and 0.22 ± 0.005 a.u. respectively. The ratios of the
1654 cm-1 peak to the area under the other two peaks at 10 and 40mN/

m during the first compression are 1.41 ± 0.290 and 1.09 ± 0.296,
and 1.13 ± 0.137 and 1.04 ± 0.080 respectively. However during
second compression at 10mN/m the corresponding ratios are
1.38 ± 0.149 and 1.04 ± 0.148. On the other hand, for pH ≈ 7.0 and
low surface pressure (π≈ 10mN/m) during the first compression cycle,
the observed areas corresponding to the above mentioned three peaks
are 0.19 ± 0.010, 0.25 ± 0.010 and 0.25 ± 0.005 a.u. respectively.
At higher surface pressure (π=40mN/m) the areas observed are
0.19 ± 0.015, 0.24 ± 0.020 and 0.25 ± 0.015 a.u. Similarly, at π ≈
10mN/m during the second compression cycle the calculated areas
under the peaks are 0.16 ± 0.005, 0.21 ± 0.010 and 0.22 ± 0.010
a.u. respectively. The ratios of the 1654 cm-1 peak to the area under the
other two peaks at 10 and 40mN/m during first compression are
1.32 ± 0.195 and 1.00 ± 0.120, and 1.32 ± 0.284 and
1.04 ± 0.300 respectively. However during second compression at
10mN/m the corresponding ratios are 1.38 ± 0.211 and
1.04 ± 0.195. Thus, we see that all of the secondary structures of BSA

Fig. 3. BAM images of BSA monolayers during
first compression at lower (π=5mN/m) and
higher (π=19mN/m) surface pressures are
shown in first and second column, while third
column is for the same film at lower
(π=5mN/m) pressure during second com-
pression at two different pH values, i.e., at ≈
4.0 (a, b and c) and 7.0 (d, e and f).

Fig. 4. BAM images of DMPA-BSA mixed
monolayers during the first compression at low
(π ≈ 10mN/m) and high (π ≈ 40mN/m)
surface tensions are shown in first and second
column, while third column is for the same
film at low (π ≈ 10mN/m) surface pressure
during the second compression cycle at two
different pH values, i.e., at ≈ 4.0 (a, b and c)
and 7.0 (d, e and f).
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are present in the mixed monolayers for both pH conditions but their
relative amounts are different, which is the signature of pH effects at
the air-water interface [57,58]. The values obtained from peak ratios
show that at pH ≈ 4.0, the compression results in slight modifications
of the protein secondary structures, almost fully reversible. In contrast,
at pH ≈ 7.0 there is hardly any modification with pressure and even-
tual differences in secondary structure are not observable.

To obtain the out-of-plane XRR profile at different surface pressure
conditions, monolayers were deposited on the hydrophilic silicon Si
(001) substrates. Pure DMPA monolayers were deposited at π ≈
20mN/m for two different pH conditions (pH ≈ 4.0 and 7.0). The
reflectivity data and the corresponding fitted curves are shown in the
Fig. S1, whereas the EDPs obtained are shown in the inset of the cor-
responding figure. EDPs obtained from the DMPA-BSA mixed mono-
layers are also included in Fig. S1 for comparison. Relatively higher
electron density and thickness obtained from the mixed monolayers
confirms the presence of BSA in the DMPA-BSA mixed monolayers.

X-ray reflectivity data (open circles) and the corresponding fitted
lines obtained from the DMPA-BSA mixed monolayers for pH≈ 4.0 and
7.0 are shown in Figs. 6a and 7 arespectively. From the EDPs shown in
Fig. 6b it is clear at pH ≈ 4.0, the electron density slightly increases
away from the film surface. This result probably indicates that the lipid
molecules become less tilted at higher surface pressure. However, as is
discussed below, this can also indicate a longitudinal transfer of the BSA
molecules or slight tilting of the BSA molecules from the air-water in-
terface. Further increase of the pressure to π ≈ 40mN/m the EDP
shows the formation of a second peak in the EDP spectra at z ≈ 26 Å
(el/A3 ≈ 0.58, Fig. 6b, blue line). The formation of this peak probably
indicates that some BSA molecules have been driven slightly towards
the lipid hydrophobic tail part or air-side as shown in the cartoon of
Fig. 8a. However, the formation of the second peak in the EDP spectra
at z ≈ 26 Å may arise due to the structural changes in the BSA mole-
cules as detected by the ATR-FTIR results. The relatively lower density
near the substrate surface (≈ 0.82 el/Å3) is obtained from the lipid

headgroups and BSA. Interestingly, the EDP of the BSA-DMPA film at π
≈ 10mN/m during the second compression cycle closely resembles the
EDP result at the same surface pressure value during the first com-
pression cycle. This result suggests that the film approximately re-
covered its structure, which is in agreement with the BAM images, the
ATR-FTIR and isotherm results.

The EDP spectrum at pH 7.0 at the low surface pressure value
(10mN/m) and during the first compression cycle shows a small peak
at z= 26 Å (Fig. 7b, black line). This bump probably results from the
presence of BSA molecules inside the hydrocarbon tails. At π ≈ 20mN/
m the electron density peak at 25 Å above the substrate surface in-
creases (density ≈ 0.60 el/Å3). This result suggests that increasing the
surface pressure and the compactness of the film caused more BSA
molecules to shift to the hydrophobic tail phase of the film. With further
increase in the surface pressure (π ≈ 20mN/m) the same peak at
z= 25 Å further increases, indicating even a larger buildup of BSA
molecules pool in the hydrophobic part of the film. In addition, a large
increase in the electron density next to the substrate surface is ob-
served. It is hard to explain these results. The mechanism of BSA pool
build up in the hydrophobic phase of the film is illustrated in Fig. 8b.
During the second compression cycle, at the low surface pressure value
(π ≈ 10mN/m), the EDP reaches a zero electron density value ap-
proximately at the same z-value than during the first compression cycle
at the same surface pressure. However, the integral of the electron
density over the z-direction is larger than the one during the first
compression cycle. The fact that the electron density peak at z= 25 Å
during the second compression cycle is larger than during the first
compression cycle suggests that the BSA molecules, once lifted from the
air-water interfaces, find it difficult to restore to their initial position.
Thus, a long-lived structural deformation is obtained in the DMPA-BSA
film, which results in hysteresis of the isotherm. A similar result was not
observed at pH 4.0 due to the higher hydrophilicity of the BSA mole-
cules at this pH value.

Fig. 5. ATR-FTIR spectra of Amide-I band of BSA obtained from DMPA-BSA mixed films at (A) pH≈ 4.0 and (B) pH≈ 7.0, for two different pressure conditions, i.e.,
at 10mN/m (blue) and 40mN/m (red) during the first compression and again at 10mN/m (dark yellow) during the second compression. Arrows indicate the
corresponding peak positions. For clarity error bar is included only for the middle curve. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Table 1
Peak ratios of 1636 and 1646 cm−1 to 1654 cm−1 and area under the peaks 1636, 1646 and 1654 cm−1 for pH ≈ 4.0 and 7.0 respectively.

pH π (mN/m) A1654/A1636 A1654/A1646 A1636 (a.u.) A1646 (a.u.) A1654 (a.u.)

4 10 1.41 ± 0.290 1.09 ± 0.296 0.17 ± 0.015 0.22 ± 0.020 0.24 ± 0.015
40 1.13 ± 0.137 1.04 ± 0.080 0.23 ± 0.010 0.25 ± 0.005 0.26 ± 0.005
10 1.38 ± 0.149 1.04 ± 0.148 0.16 ± 0.005 0.21 ± 0.010 0.22 ± 0.005

7 10 1.32 ± 0.195 1.00 ± 0.120 0.19 ± 0.010 0.25 ± 0.010 0.25 ± 0.005
40 1.32 ± 0.284 1.04 ± 0.300 0.19 ± 0.015 0.24 ± 0.020 0.25 ± 0.015
10 1.38 ± 0.211 1.04 ± 0.195 0.16 ± 0.005 0.21 ± 0.010 0.22 ± 0.010
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4. Discussion

BSA has a heart-shaped structure at natural pH in aqueous solutions
that is called normal or ‘N’ shape [59]. More recent results using small
angle X-ray and neutron scattering study found that BSA has oblate
ellipsoid like structure with radii of a × b × b ≈ 9 Å×39 Å×39 Å
[60,61]. Below pH ≈ 4.0, BSA is deformed into a structure called fast
migrating form (‘F’ form) while below pH ≈ 3.5, its preferred structure
is called expanded form [59]. Above pH ≈ 8.0, the lower energy state
of the protein is a called basic form (‘B’ from). This structure is trans-
formed with time to an ‘aged’ form [59]. Thus, the BSA structure re-
mains nearly unaltered between pH ≈ 4.0 to 8.0. X-ray scattering also
confirms that the BSA native structure is preserved between pH ≈ 4.0
to 9.0 [59]. However, the surrounding environment can alter the pro-
tein surface hydrophobicity, even without changing the overall struc-
ture of the protein. Probably the change in subphase pH from acidic to
neutral value can cause some conformational changes in proteins [58],
which are responsible for the change of hydrophobicity.

To study the phase behaviour and domain patterns in a lipid
monolayer, DMPA was also used by other groups; different phases and
domains in coexistence regions were observed [62,63]. The shape and
size of the domains changes in the presence of other components like
proteins [64,65]. While positive line tensions between the domains and
the two-dimensional continuous phase favours circular shapes, dipole-
dipole interactions favours branched shapes. The observed structure,
shape and size of the domains result from the combination of these
forces [66]. The hysteresis evidenced from the compression-

decompression isotherm cycles of DMPA-BSA mixed monolayers is re-
versible at pH ≈ 4.0 and irreversible at pH ≈ 7.0. Similar results are
also obtained from the ATR-FTIR spectra study of the Amide-I band of
BSA at the lower compression and decompression speed (0.01 nm2/
molecule/min), as shown in Fig. S2a, b. Small structural variation are
seen during the compression cycle at pH ≈ 4.0 but negligible ones at
pH ≈ 7.0.

Out-of-plane profiles obtained from the EDPs spectra at pH ≈ 4.0
suggest that BSA molecules are located at air-water interface at low
surface pressure. However, as the pressure is slowly increased the
molecules get shifted from the air-water interface to the hydrocarbon
tail phase. In addition, ATR-FTIR spectra at the same pH value suggest
that at higher surface pressure some internal structural modifications of
the BSA molecules occur during the compression process. The fact that
at pH ≈ 4.0 the BSA molecules are somewhat hydrophilic, enable them
to relocate at the air-water interface as the pressure is decreased during
the decompression process. On the other hand, BSA molecules are
present in the hydrocarbon tail zone at pH ≈ 7.0 already at low surface
pressure. Since the BSA molecules are slightly hydrophobic at pH ≈
7.0, they will tend to partition between the more hydrophilic phase of
the monolayer and the more hydrophobic one. As the pressure increases
at this pH, more BSA molecules migrate to the hydrocarbon tail zone.
The number of BSA molecules migrating to the hydrocarbon tail zone is
greater at pH ≈ 7.0 than at pH ≈ 4.0. When BSA molecules locate into
the hydrophobic lipid tail zone, they do not easily come back close to
the lipid polar heads during decompression. For this reason the mixed
monolayer shows irreversible hysteresis (on the time scale of the

Fig. 6. (a) X-ray reflectivity data (circles) and the corresponding fitted curves
(solid lines) obtained from the DMPA-BSA mixed monolayers at (i) 10mN/m
(ii) 20mN/m, (iii) 40mN/m during first compression, and again at (iv) 10mN/
m during second compression of the DMPA-BSA monolayer at pH ≈ 4.0.
Reflectivity data and fitted curves are shifted vertically for clarity. (b)
Corresponding electron density profiles extracted from the fitting of the re-
flectivity data. Maximum error obtained in electron density is 3–5% for each
EDP.

Fig. 7. (a) X-ray reflectivity data (circle) and the corresponding fitted curves
(solid line) obtained from the DMPA-BSA complex films at (i) 10mN/m (ii)
20mN/m, (iii) 40mN/m during first compression, and again at (iv) 10mN/m
during second compression of the BSA monolayer at pH≈ 7.0. Reflectivity data
and fitted curves are shifted vertically for clarity. (b) Corresponding electron
density profiles extracted from the fitting of the reflectivity data. Maximum
error obtained in electron density is 3–5% for each EDP.
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experiment) at pH ≈ 7.0. Thus, it can be concluded from the π-A iso-
therms, BAM, FTIR and XRR studies that probably small conformational
changes of BSA molecules modify the surface hydrophobicity at the air-
water interface depending on the subphase pH [18,58]. As a con-
sequence, the protein-lipid mixed monolayers formed at the air-water
interface show reversible/irreversible structural transformations
below/above the isoelectric point of BSA protein.

5. Conclusions

Studies on the surface pressure of lipid-protein (DMPA-BSA) mixed
monolayers at the air-water interface, at two different subphase pH
conditions (pH ≈ 4.0 and 7.0), i.e., below and above the isoelectric
point of BSA (≈ 4.8), were performed. The hydrophobic and electro-
static nature of BSA, which is related with the BSA conformational
change in acidic conditions, is thus crucial for the almost reversible
behavior of the BSA-DMPA monolayer at pH ≈ 4.0. X-ray scattering
shows that when compressed protein-lipid monolayers are deposited on
silicon substrates, shifting of the BSA molecules from the air-water in-
terface to the hydrocarbon tail zone occur. However, during the de-
compression process, BSA molecules retain both their initial location at
the air-water interface and their structural conformation. In contrast, if
the pH is above the isoelectric point of BSA, hardly any internal con-
formational changes occur in the BSA molecules structure. In addition,
at this pH value, a large portion of the BSA molecules retain their po-
sition in the lipid tail zone during the decompression process after
shifting location during the compression process. Such localization of
the BSA molecules results in a larger hysteresis behavior of the isotherm
at pH ≈ 7.0 than at pH ≈ 4.0. This work thus shows that in addition

with surface pressure, subphase pH also plays a significant role in de-
termining the mutual lipid-protein interactions which modifies the
physiochemical properties of the lipid-protein membranes.
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